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ABSTRACT: The cyclic hexapeptides PMXS3 and PMX20S are potent noncompetitive inhibitors of complement CSa receptor 1
(CsaR1). They are widely utilized to study the role of CSaR1 in mouse models, including central nervous system (CNS) disease,
and are dosed through a variety of routes of administration. However, a comprehensive pharmacokinetics analysis of these drugs has
not been reported. In this study, the blood and CNS pharmacokinetics of PMX53 and PMX20S were performed in mice following
intravenous, intraperitoneal, subcutaneous, and oral administration at identical doses. The absorption and distribution of both drugs
were rapid and followed a two-compartment model with elimination half-lives of ~20 min for both compounds. Urinary excretion
was the major route of elimination following intravenous dosing with ~50% of the drug excreted unchanged within the first 12 h.
Oral bioavailability of PMX205 was higher than that of PMX53 (23% versus 9%), and PMX205 was also more efficient than PMX53
at entering the intact CNS. In comparison to other routes, subcutaneous administration of PMX205 resulted in high bioavailability
(above 90%), as well as prolonged plasma and CNS exposure. Finally, repeated daily oral or subcutaneous administration of
PMX205 demonstrated no accumulation of drug in blood, the brain, or the spinal cord, promoting its safety for chronic dosing.
These results will be helpful in correlating the desired therapeutic effects of these CSaR1 antagonists with their pharmacokinetic
profile. It also suggests that subcutaneous dosing of PMX20S5 may be an appropriate route of administration for future clinical testing
in neurological disease.

1. INTRODUCTION activation drives disease pathology, including diseases affecting
the CNS.>*~” The discovery and development of selective
CS5aR1 inhibitors have therefore been an active area of research
for many decades.

Although there are several C5aR1-targeted therapeutics in
development for various diseases,” few have achieved wide-

The complement system is a vital component of the immune
system that “complements” antibodies and phagocytic cells in
their ability to clear pathogens and respond to sterile injury.
Once stimulated by one of several triggers, it leads to a cascade
of various enzymatic sequences that generate opsonin,

intermediate complement “anaphylatoxin” peptides, and the spread use amongst researchers as compared to the class of
terminal membrane attack complex.' The most potent

inflammatory complement fragment, CSa, exhibits various Received: November 4, 2019

immunoregulatory and pro-inflammatory biological activities” Accepted: January 21, 2020

by binding to two known receptors, termed CSa receptor 1 Published: January 30, 2020

(CSaR or CD88, now referred to as C5aR1) and CSa receptor-
like 2 (CSL2 or GPR77, now referred to as C5aR2).> On most
cells, expression levels of C5aR1 are higher than C5aR2, and its
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Table 1. Plasma Pharmacokinetic Parameters of Complement CSa Receptor 1 Antagonists®

PMXS53 PMX20S
parameters units iv. s.C. ip. p.o. iv. s.C. ip. p-o.
Cmax pug/mL 17.42 3.77 4.92 0.2§ 34.62 5.62 5.95 0.77
Tmax min 27.22 14.28 2191 27.98 14.28 27.72
Vss mL 2.90 2.76

V1 _F mL 1.72 <0.01 <0.01 0.05 0.87 <0.01 <0.01 0.01
CL_F uL/min 199.16 0.11 0.16 2.01 146.90 0.07 0.13 0.52
V2_F mL 1.08 <0.01 <0.01 <0.01 2.04 <0.01 <0.01 <0.01
CLD2_F p#L/min 84.57 <0.01 <0.01 <0.01 197.45 <0.01 <0.01 <0.01
K01 1/h 2.28 4.29 292 2.21 4.30 2.24
K10 1/h 6.94 2.13 4.11 2.56 10.17 2.08 4.10 2.09
K12 1/h 2.95 <0.001 <0.001 <0.001 13.67 <0.001 <0.001 <0.001
K21 1/h 4.85 2.14 2.00 2.58 5.82 2.08 2.00 2.09
KO01_HL min 18.28 9.70 14.23 18.85 9.67 18.55
K10 HL min 5.99 19.47 10.10 16.22 4.09 19.93 10.13 19.85
Alpha 1/min 0.20 0.04 0.07 0.04 0.46 0.03 0.07 0.03
Beta 1/min 0.05 0.04 0.03 0.04 0.04 0.03 0.03 0.03
Alpha_HL min 3.49 19.53 10.11 16.32 1.51 20.00 10.14 19.92
Beta HL min 14.73 19.42 20.75 16.02 19.33 19.92 20.75 19.87
MRT _last min 13.21 38.77 27.43 32.61 19.74 40.71 24.78 37.68
MRT_INF_obs min 18.03 47.94 36.15 33.97 37.00 64.30 26.30 54.41
MRT_INF_pred min 17.92 48.13 36.08 34.07 37.29 64.29 26.34 54.19

“Cmax: peak plasma drug concentration; Tmax: time to reach peak plasma concentration following drug administration; Vss: apparent volume of
distribution at a steady state; V1_F and V2_F: apparent volume of central and peripheral compartments in two compartmental models; CL_F and
CLD2_F: apparent total body clearance of the drug from plasma and apparent total clearance of the drug from plasma after administration; KO1:
absorption rate constant; K10: elimination rate constant; K12 and K21: distribution and redistribution rate constant; K01_HL and K10_HL:
distribution half-life and elimination half-life; Alpha and Beta: hybrid first-order rate constants expressing initial and terminal slopes of distribution
and elimination phases; Alpha_HL and Beta_HL: initial or disposition half-life and terminal elimination half-life; MRT _last, MRT_INF_obs, and
MRT_INF-pred: mean residence time at the last time point, infinity observed, and infinity predicted using two-compartmental analysis.

Table 2. Brain Pharmacokinetic Parameters of Complement CSa Receptor 1 Antagonists”

PMXS3 PMX205
parameters units iv. s.C. ip. p-o. iv. s.C. ip. p.o.
Cmax ng/g 74.13 120.37 48.08 76.99 76.99 161.76 155.70 153.70
Tmax min 19.87 10.45 14.89 3023 19.85 20.71
Vss ug/(ng/g) 0.74 0.54
V1_F ug/(ng/g) 0.40 0.15 0.31 0.31 0.13 0.08 0.08 0.18
CL F ng/(min ng/g) 2.43 1.75 3.77 228 2.56 1.66 127 0.75
V2_F ug/(ng/g) 0.33 0.08 0.40 0.16 0.41 0.07 0.19 <0.001
CLD2_F ng/(min ng/g) 107.59 291 25.61 2.68 43.73 0.70 2.71 <0.001
KO1 1/h 5.81 9.06 11.20 2.35 3.81 11.27
K10 1/h 0.36 0.68 0.72 0.44 1.16 1.26 0.90 025
K12 1/h 15.95 1.13 4.92 0.51 19.79 0.53 1.92 <0.001
K21 1/h 19.41 2.07 3.87 0.99 6.40 0.61 0.87 2.88
K01_HL min 7.16 4.59 371 17.71 1091 3.69
K10_HL min 115.54 60.95 57.39 94.86 35.89 3291 46.56 165.07
Alpha 1/h 35.52 3.48 9.22 1.68 27.08 2.03 3.45 2.88
Beta 1/h 0.20 0.41 0.30 026 0.27 0.38 023 025
Alpha_HL h 0.02 0.20 0.08 0.41 0.03 0.34 0.20 0.24
Beta_HL h 3.52 1.71 2.28 2.69 2.53 1.83 3.08 2.75
MRT _last h 0.70 0.70 0.68 0.68 0.64 0.72 0.66 0.75
MRT_INF_obs h 5.46 1.98 229 1.89 3.88 1.85 124 2.43
MRT_INF_pred h 5.45 1.97 2.30 1.88 3.88 1.82 124 2.44

“Cmax: peak drug concentration; Tmax: time to reach peak concentration following drug administration; Vss: apparent volume of distribution at a
steady state; V1_F and V2_F: apparent volume of central and peripheral compartments in two compartmental models; CL_F and CLD2_F:
apparent total body clearance of the drug and apparent total clearance of the drug after administration; KO1: absorption rate constant; K10:
elimination rate constant; K12 and K21: distribution and redistribution rate constant; K01 HL and K10_HL: distribution half-life and elimination
half-life; Alpha and Beta: hybrid first-order rate constants expressing initial and terminal slopes of distribution and elimination phases; Alpha_ HL
and Beta_HL: initial or disposition half-life and terminal elimination half-life; MRT _last, MRT_INF_obs, and MRT_INF-pred: mean residence
time at the last time point, infinity observed, and infinity predicted using two-compartmental analysis.
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Table 3. Spinal Cord Pharmacokinetic Parameters of Complement CSa Receptor 1 Antagonists®

PMXS3 PMX20S
parameters units iv. s.C. ip. p-o. iv. s.C. ip. p-o.
Cmax ng/g 129.82 96.56 71.26 75.88 449.84 225.14 219.65 214.33
Tmax min 23.15 11.86 14.89 45.90 17.48 63.47
Vss ug/(ng/g) 0.33 0.27
V1_F ﬂg/(ng/g) 0.23 0.12 0.35 0.32 0.07 0.05 0.06 0.05
CL_F ng/(min ng/g) 1.52 3.68 S.18 2.33 1.63 1.00 0.99 0.81
V2_F ﬂg/(ng/g) 0.10 0.26 <0.01 0.16 0.20 0.05 0.14 <0.001
CLD2_F ng/(min ng/g) 30.58 1.36 0.01 2.71 21.89 0.07 2.59 <0.001
Ko1 1/hr 2.70 15.39 11.20 1.34 4.45 0.99
K10 1/hr 0.40 1.87 0.87 0.44 1.46 1.25 1.08 0.90
K12 1/hr 7.94 0.69 <0.01 0.51 19.69 0.08 2.75 <0.01
K21 1/hr 18.30 0.32 0.19 1.00 6.59 0.32 1.08 0.33
KO01_HL min 15.39 2.70 3.71 30.93 9.36 42.04
K10 _HL min 105.04 22.22 47.70 94.33 28.39 34.79 39.53 46.04
Alpha 1/hr 26.36 2.66 0.87 1.69 27.40 1.28 4.64 0.90
Beta 1/hr 0.27 0.22 0.19 0.26 0.35 0.32 0.24 0.33
Alpha_HL hr 0.03 0.26 0.79 0.41 0.03 0.55 0.15 0.77
Beta HL hr 2.52 3.09 3.71 2.66 1.97 2.16 2.84 2.08
MRT _last hr 0.69 0.64 0.62 0.68 0.62 0.81 0.65 0.80
MRT_INF_obs hr 4.86 1.49 1.16 1.89 2.4S 2.71 1.34 1.06
MRT_INF pred hr 4.86 1.46 1.13 1.88 2.45 2.69 1.31 1.07

“Cmax: peak drug concentration; Tmax: time to reach peak concentration following drug administration; Vss: apparent volume of distribution at a
steady state; V1_F and V2_F: apparent volume of central and peripheral compartment in two compartmental models; CL_F and CLD2_F:
apparent total body clearance of the drug and apparent total clearance of the drug after administration; KO1: absorption rate constant; K10:
elimination rate constant; K12 and K21: distribution and redistribution rate constant; K01_HL and K10_HL: distribution half-life and elimination
half-life; Alpha and Beta: hybrid first-order rate constants expressing initial and terminal slopes of distribution and elimination phases; Alpha HL
and Beta_HL: initial or disposition half-life and terminal elimination half-life; MRT _last, MRT_INF_obs, and MRT_INF-pred: mean residence
time at the last time point, infinity observed, and infinity predicted using two-compartmental analysis.

cyclic peptide CSaR1 inhibitors discovered at The University
of Queensland over 20 years ago. These well-studied
inhibitors, Ac-Phe-[Orn-Pro-dCha-Trp-Arg] (3DS3 or
PMX53)” and hydrocinnamate-[Orn-Pro-dCha-Trp-Arg]
(PMX205),'% are cyclic peptide compounds that act in a
pseudo-irreversible and insurmountable manner at nanomolar
concentrations targeting complement CSaR1. PMX20S is a
lipophilic analogue of PMXS53, with a substitution of a
hydrocinnamate residue for the extracylic phenylalanine
residue. It is known to exhibit enhanced efficacy and in vivo
stability compared to its parent molecule PMX53.”'°7"% As
such, PMX20S5 has been suggested as a more ideal drug
candidate for human disease, including neurological disorders.
Indeed this drug has shown beneficial effects in rodent models
of striatal neurodegeneration,” amyotrophic lateral sclerosis, "'
spinal cord injury,”'* and reduction of memory loss in mice
with Alzheimer’s disease.">'® For more than 15 years, both
antagonists have been used by multiple laboratories in
numerous experimental inflammatory conditions. Despite
being peptidic molecules, their cyclic nature enables them to
demonstrate a number of favorable properties required for
clinical development such as high receptor selectivity, nano-
molar potency, stability, oral bioavailability, and ability to cross
neuroprotective barriers.”'”'® Additionally, oral and topical
PMXS53 has also successfully completed early phase I human
clinical trials, demonstrating the potential human safety of this
class of compounds.’

Despite the widespread usage of these CSaR1 antagonists,
only a few studies have reported the quantitative pharmaco-
kinetic determination of these antagonists.”'”*°">* A draw-
back to these prior pharmacokinetic studies is that the time

2347

points collected were minimal and not sufficient to observe a
full pharmacokinetic profile to obtain accurate half-lives and
elimination values and various other pharmacokinetic param-
eters. Furthermore, no prior study has performed tissue
distribution studies or correlated drug pharmacokinetics via
different routes of administration. Therefore, the purpose of
the present study was to perform a complete pharmacokinetic
analysis of these antagonists in healthy mice via various routes
of drug administration, at the same dose, using a validated
bioanalytical quantitative LC—MS/MS method."

2. RESULTS

2.1. Pharmacokinetics of C5aR1 Antagonists in Wild-
Type Mice. PMX53 and PMX20S levels obtained from LC—
MS/MS analysis were corrected for process efficiency,
extraction efficiency, and recovery correction factors as
described previously."> Plasma concentration versus time
profile data obtained from raw data for both antagonists
demonstrated a curvilinear profile on a semi-log scale, a
reflection that both antagonists undergo fast distribution and
elimination phases and are best fitted to a two-compartment
open model. The two-compartment pharmacokinetic model of
WINNONLIN was therefore utilized for calculation of the
various pharmacokinetic parameters for plasma, the brain, and
the spinal cord with the resulting data presented in Tables
1-3.

Fitness of the pharmacokinetic model was assessed using in-
built diagnostics of WINNONLIN software, Akaike Informa-
tion Criterion, and by plotting the predicted curve as a
function of time, with the observed concentrations overlaid on
the plot indicating close correlation of the values (Figure 1).

https://dx.doi.org/10.1021/acsomega.9b03735
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Figure 1. Concentration—time profile of complement CSa receptor 1 antagonists in wild-type mice following a single drug dose. Mice were
administered a 1 mg/kg dose of PMXS3 or PMX20S via intravenous (i.v.), intraperitoneal (i.p.), subcutaneous (s.c.), and per-oral (p.o.) routes.
The concentration vs time profiles in plasma [(A), PMXS3 and (B) PMX205], the brain [(C) PMX53 and (D) PMX205], and the spinal cord [(E)
PMXS53 and (F) PMX205] are shown. Dot points represent actual experimental values, and continuous lines represent predicted values generated

by WINNONLIN (n = 4). Data are presented as mean + SEM.

The concentration versus time profiles for PMXS3 and
PMX205 in plasma (Figure 1A,B), the brain (Figure 1C,D),
and the spinal cord (Figure 1E,F) are shown following 1 mg/
kg dosing via iv,, ip., s.c, and p.o. routes of administration.
Both PMX53 and PMX20S demonstrated a rapid distribution
in the plasma, followed by elimination after i.v. dosing (Figure
1A,B). PMX20S had a shorter and faster distribution half-life
and slightly improved elimination halflife (1.51 and 19.33
min) compared to PMXS3 (3.49 and 14.73 min) following a
single i.v. dose of 1 mg/kg, which may be due to the more
lipophilic nature of PMX205. This trend was also observed in
the brain (Figure 1C,D) and the spinal cord (Figure 1E,F).
This is also reflected by shorter mean residence time (MRT)
values for PMX205 (Tables 2 and 3). Additionally, brain and
spinal cord elimination half-lives of PMX20S are shorter
compared to those of PMXS3, again, likely due to the more
lipophilic nature of PMZX205, supporting its increased
permeability across blood—brain and blood—spinal cord
barriers.

PMXS3 peak plasma concentrations of 4.92, 3.77, and 0.25
ug/mL were observed at ~14, ~27, and ~22 min via ip,, s.c,,

2348

and p.o. routes of administration, respectively, at an
administered dose of 1 mg/kg. Additionally, infinity predicted
plasma mean residence times for PMX53 were ~18, ~36, ~48,
and ~34 min following iv., ip., s.c, and p.o. routes,
respectively. By contrast, calculated peak concentrations of
PMX205 in plasma were ~5.95, ~5.62, and ~0.77 pg/mL as
observed at ~14, ~28, and ~27 min via ip., s.c., and p.o.
routes of administration, respectively, at an administered dose
of 1 mg/kg. For PMX20S, the infinity predicted plasma mean
residence times were ~37, ~26, ~64, and ~54 min following
iv, i.p,, s.c, and p.o. routes, respectively. Peak brain and spinal
cord levels of the CSaRl antagonists correlated with time
points of their corresponding plasma levels and were above
their cellular IC, concentration (PMXS53: 26 nM and
PMX205: 31 nM'?). Overall, brain and spinal cord elimination
half-lives of PMXS3 were greater than those of PMX205
following iv. drug administration, suggesting greater brain
retention of PMX20S.

Bioavailability results (Table 4) indicate that the plasma
bioavailability of PMX53 is ~9% via the p.o. route and ~68%
via the ip. route. By comparison, PMX20S has better oral

https://dx.doi.org/10.1021/acsomega.9b03735
ACS Omega 2020, 5, 2345-2354
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Table 4. Bioavailability and Drug Targeting Efficiency of
Complement CS5a Receptor 1 Antagonists

brain spinal cord
area under drug drug
curve targeting targeting
drug route (min yg/mL) Dbioavailability efficiency  efficiency

PMXS3 iv. 150.63 100%

s.C. 134.45 85% 1.37 0.77

ip. 107.81 68.2% 0.71 0.63

p-o. 13.64 8.6% 8.21 4.42
PMX205 iv. 208.03 100%

s.C. 201.04 96.6% 1.71 1.37

i.p. 125.50 60.3% 1.88 0.71

p-o. 47.12 22.6% 10.81 8.21

bioavailability of >20% following p.o. dosing and an ip.
bioavailability of ~60%. The s.c. bioavailability of PMX205 is
greater compared to PMXS3 (~96% compared with ~85%,
respectively). Additionally, the drug targeting efficiency values
of PMXS3 and PMX20S as represented in Table 4 reflect the
superior ability of PMX205 to target brain and spinal cord
tissues to that of PMXS3.

2.2, Repeat Dosing Pharmacokinetics of PMX205 in
Wild-Type Mice. For the repeat dosing pharmacokinetics and
accumulation studies, the lead clinical drug candidate,
PMX20S, was selected. Two specific routes were chosen
based upon the pharmacokinetic profile of PMX20S (i.e. oral
route and s.c. route). For the oral route, PMX20S was
administrated through drinking water. This route of admin-
istration has been utilized by various groups to study the
therapeutic benefit of PMX205 in neurodegenerative disease
mouse models where chronic dosing is required.”"*' Five-day
pharmacokinetic results from mice that were administered
PMX20S via the s.c. route (1 mg/kg) or via the drinking water
(60 mg/L) are presented in Figure 2A,B, respectively. The
results reveal that levels of PMX20S in plasma, the spinal cord,
and the brain remain relatively unchanged over the 5 day
treatment protocol, suggesting that no accumulation of
compound occurs with this dosing regimen. After each 24 h
interval, the levels of circulating PMX205 in plasma were very
low, as expected from the predicted half-life of the acute dosing
pharmacokinetic studies. Despite this low circulating level of
PMX205, brain and spinal cord levels were comparatively
higher. Importantly, the consistent and maintained levels of
PMX205 in the CNS tissue are above the cell-based ICq,
values for CSaR1 inhibition,'”"? indicating daily s.c. admin-

istration, or drinking water administration of PMX20S, is
sufficient to block CSaR1 activation in the CNS.

Long-term pharmacokinetic studies were performed next to
confirm PMX205 duration in brain tissue following a single i.v.
dose of the compound over 120 h. Within the first 6 h of
PMX205 administration, there was a significant reduction in
brain levels due to clearance, and within 24 h, the majority of
compounds that could produce any therapeutic effect were
eliminated from the brain (Figure 2C). The data support the
absence of any secondary uptake mechanisms that could lead
to accumulation of PMX205 in the brain following
administration.

2.3. Excretion Studies of PMX205. Elimination of
PMX205 from mice was determined by calculating the amount
of PMX205 excreted in an unchanged form through the urine
or feces. Figure 3 illustrates that most of the PMX20S is
excreted unchanged and primarily within the first 6 h following
administration. Urinary excretion is the major route of
elimination as indicated by high levels of unchanged
PMX20S in urine samples collected over the 48 hour duration
following i.v. administration (Figure 3A) and from the bladder
just prior to euthanasia following p.o. administration (Figure
3B). Following i.v. administration, up to 46% of the PMX20S
was excreted unchanged through urine and up to 16% via feces
within the first 24 h (Figure 3C,D). Given this notable
excretion of unchanged PMX20S5, we applied this to determine
the effective oral bioavailability, in addition to the AUC ratio.
Following equal amounts of compound administration, ~4.2 +
0.5 ng of detectable PMX20S was excreted out unchanged up
to 90 min following p.o. dosing and ~20.7 + 3.8 ng of
PMX205 over a period of 4 h after i.v. dosing. Accounting for
these urinary excreted unchanged levels of PMX205, a
calculated oral absorption of ~20% was determined for
PMX205S.

Mice were administered PMX205 via intravenous (i.v.) or
per-oral (p.o.) administration (1 mg/kg). Drug levels in the
urine are shown for (A) 48 h for the i.v. route and (B) 90 min
for the p.o. route. (C) Following i.v. administration, excretion
of unchanged PMX205 (%) in urine was analyzed over 48 h
with cumulative analysis presented at 4, 24, and 48 h. (D)
Excretion of unchanged PMX205 (%) was also analyzed for
the first 24 h in urine and feces following i.v. administration
and compared with a dose control of 1 mg/kg per animal. Data
points represent mean + SEM of n = 5 mice at each time point.
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Figure 2. Repeated dosing pharmacokinetics of complement CSa receptor 1 (CSaR1) antagonist PMX20S in wild-type mice. Mice were
administered PMX20S daily via subcutaneous (s.c.) administration (1 mg/kg) or via drinking water (60 mg/L) for S days. Drug levels in plasma,
the brain, and the spinal cord at each 24 h time point following administration are shown for (A) the s.c. route and (B) drinking water route. (C)
PMX20S levels in the brain up to 120 h following a single i.v. dose of 1 mg/kg PMX205. Data points represents mean + SEM of n = S mice at each
time point. Red dotted line represents cellular IC, of the drug (31 nM; equivalent to ~26 ng/mL) at the CSaR1.
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Figure 3. Excretion of complement CSa receptor 1 antagonist PMX205 in wild-type mice.

3. DISCUSSION

The cyclic peptide complement CSaR1 antagonists, PMXS3
and PMX20S, have been used extensively by various research
groups in various species including mice, rats,”' cats, dogs,23
and humans.”® Out of all the species, studies have been
performed most extensively in mice, with >100 publications to
date using these compounds for a number of diseases using a
variety of administration routes in mice (e.g., i.v, s.c,, ip., p.o.,
drinking water, and others).*”*>*~** Despite this plethora of
mouse studies using these compounds, only a few studies have
performed pharmacokinetics, which are generally limited in
scope and only examining one route of administration.”'**°~>*
Furthermore, pharmacodynamics and therapeutic effects of
drugs are difficult to correlate in the absence of pharmacoki-
netic data from various administration routes within the same
species.

Results from the pharmacokinetic data performed in this
study reveal the biphasic decline in plasma concentrations of
PMXS53 and PMX205 with rapid distribution and elimination
profiles of both antagonists. Following i.v. administration of a
single 1 mg/kg dose of either antagonist, the highest
concentration in plasma, the brain, and tissue was observed
after 2.5 min. Additionally, peak concentrations in CNS tissues
corresponded to the peak levels in circulation as reflected by
various routes for both antagonists. There was also rapid
clearance of PMX20S from the circulation following i.v. dosing,
with most compounds excreted in an unchanged form via
urinary excretion. As expected, the plasma oral bioavailability
of both PMXS53 and PMX20S is lower than that in parenteral
administration routes (~10 and 20%, respectively), likely due
to poor gastric and intestinal stability due to their peptidic
nature."” Regardless, possibly due to the noncompetitive and
pseudo-irreversible antagonist nature of the compound class,"”
oral dosing remains a viable mode of administration for this
drug class in mice.*’

In comparison to other routes of administration, the s.c.
route resulted in improved bioavailability and maintained
levels of antagonists in plasma, the brain, and the spinal cord
for a longer duration, as reflected by plasma MRT values,
absorption half-lives, and elimination half-lives. Drug targeting
efficiency values, as calculated during pharmacokinetic studies,
are helpful in the selection of drug candidates and routes of
administration following comparative studies in the healthy
state. Maximum potential therapeutic effects can be achieved
in the disease state by administering drug candidates
representing better drug targeting efficiency values via a
selected route. Based on our data, the s.c. route represents the
most viable route of administration for future clinical
application of PMX205. In support of the clinical application
of PMX20S, repeat dosing (up to S days) and long-term dosing
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pharmacokinetic studies for this drug indicated no accumu-
lation in the brain and spinal cord at the selected dose of 1
mg/kg and is well tolerated.

One area of future investigation will be to measure the “free”
fraction of the drug in plasma and the CNS, to be able to
accurately report the available concentrations of drug that
could interact with unbound CS5aRl. In addition to free
fraction determination studies, future experiments are required
to identify the rate, extent, and half-life equilibrium in the CNS
to obtain a greater understanding of brain and spinal cord
penetration and distribution of the antagonists. Finally, further
studies are yet to be performed to correlate the drug
availability with the length of duration in various non-CNS
tissues.

4. CONCLUSIONS

In conclusion, a pharmacokinetic analysis of PMXS3 and
PMX205 was completed in mice following various routes of
administration using a validated quantitative analysis method.
The results demonstrate that both PMXS3 and PMX20S
express a rapid distribution and elimination profile, with renal
excretion being the major route of elimination following i.v.
administration. Repeat dosing and long-term experiments
support the idea that PMX20S is well tolerated with no drug
accumulation with repeat daily dosing. This pharmacokinetic
data will be beneficial in correlating the drug therapeutic effects
in mice with drug bioavailability and drug tissue availability.
The current data indicate that the s.c. route of administration
for PMX20S provides high bioavailability and prolonged
plasma concentrations, coupled with high blood—brain barrier
and blood-spinal cord barrier penetration, making this an ideal
route for neurological diseases and clinical application.

5. MATERIALS AND METHODS

5.1. C5aR1 Antagonist Synthesis. C5aR1 cyclic peptidic
antagonists were synthesized manually on 2-chlorotrityl resin
(1.0 mmol g~', 0.25mmol scale) using Fmoc-based solid-phase
chemistry. Couplings were performed using 2-(1H-benzotria-
zol-1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate
with diisopropylethylamine (DIPEA) in N,N’-dimethylforma-
mide (DMF). Peptides were N-terminally acetylated on resin
by treatment with acetic anhydride (870 uL of acetic
anhydride and 470 uL of DIPEA in 15 mL of DMF) followed
by cleavage from the resin by treatment with a mixture of
trifluoroacetic acid (TFA), triisopropylsilane, and water
(95:2.5:2.5, 20 mL) for 1.5 h at 23 °C. The TFA was
removed in vacuo, and the peptide was precipitated by
addition of diethyl ether, collected by filtration, dissolved in
buffer A/B (50:50) (A: water with 0.05% TFA; B: 90%
acetonitrile, 10% water with 0.045% TFA), and lyophilized.
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The crude peptide was cyclized by dissolving the peptide in
DMF (10 mM) with S equiv of (benzotriazol-1-yloxy)-
tripyrrolidinophosphonium hexafluorophosphate, then 15
equiv of DIPEA was added, and the solution was stirred
overnight at 23 °C. The DMF was then removed in vacuo, and
the residue was redissolved in buffer A/B (50:50) and
lyophilized. Peptides were purified by reverse-phase HPLC
on a C; column (Phenomenex Jupiter 300) using a gradient of
0—80% buffer B (in buffer A) over 80 min with UV monitoring
at 214 and 280 nm. Electrospray mass spectroscopy confirmed
the molecular mass of the peptide, and analytical reverse-phase
HPLC was used to analyze purity.

5.2. Chemicals and Reagents. Acetonitrile (LC—MS
grade), methanol (AR grade), and ethanol (AR grade) were
sourced from Ajax FineChem (Australia). Formic acid (optima
LC—MS grade) was purchased from Fisher Scientific (USA).
Ultrapure deionized water was obtained from a Millipore Milli-
Q water system (Millipore MA, USA). PMX53 and PMX205
solutions (10 mg/mL) were prepared by dissolving in sterile
water for injection solution containing 5% ethanol and stored
at =20 °C. On the day of experimentation, the required dose
was prepared from drug stock in 5% dextrose in sterile water
for injection and brought to 37 °C before administering to
animals.

5.3. Animals. Animal care and all experimental procedures
were performed following approval from the University of
Queensland Animal Care and Use Committee and conducted
in accordance with the National Health and Medical Research
Council of Australia policies and guidelines for the care and
use of animals for scientific purposes. Wild-type CS7BL/6]
mice (male, 10—12 weeks old) were purchased from Animal
Resources Centre, Western Australia. All animals were housed
within the University of Queensland Biological Resources
animal facility in a pathogen-free environment with a 12 h
dark/light cycle and free access ad libitum to food and water.

5.4. Pharmacokinetics of C5aR1 Antagonists. The
pharmacokinetic profiles of C5aR1 antagonists were assessed
via four routes of drug administration, that is, intravenous (i.v.;
via tail vein), subcutaneous (s.c.; over shoulders), intra-
peritoneal (i.p.), and per-oral (p.o.; via oral gavage). Samples
were collected and processed for PMXS3 and PMX205
determination using a validated LC—MS/MS method as
described previously."” Briefly, mice (n = 4) were anaes-
thetized with zolazepam (50 mg/kg) and xylazine (12 mg/kg)
via i.p. injection. Anaesthetized mice were administered 1 mg/
kg drug solution through the selected route. Blood samples
were collected via a left ventricle cardiac puncture using a
syringe loaded with 20 uL of 100 mM ethylenediaminetetra-
acetic acid (Sigma-Aldrich, St. Louis, MO) at 2.5, §, 10, 15, 30,
4S5, 60, and 90 min, and plasma was extracted by centrifugation
at 4000 rpm for 15 min at 4 °C. Following blood collection,
mice were immediately perfused transcardially with normal
saline to remove drug from the circulation in the brain and
spinal cord. Whole brain and spinal cord samples were
obtained and homogenized in equal weight volume of milliQ
water. The tissue homogenate (100 L) was mixed with 10 uL
of 1 ug/mL internal standard (PMXS3 for PMX205 studies
and PMX20S for PMXS3 studies), vortexed, and deproteinized
with 1:3 ice cold LCMS-grade acetonitrile. Samples were
sonicated followed by centrifugation at 13,000 X g for 30 min
for supernatant collection and dried using a CentriVap sample
concentrator at room temperature. Samples were stored at —80
°C for LC—MS/MS analysis. Plasma samples (50 uL) were
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also processed using the method described above. On the day
of analysis, samples were suspended in SO uL of 75%
methanol/water and 10 L was analyzed through a validated
LC—MS/MS protocol."”

All the time points were terminal, and consequently, mean
drug concentrations per time point were used for pharmaco-
kinetics parameter determination using WINNONLIN soft-
ware after suitable compartment model selection. A model
selection was supported by the vascular (iv. bolus) or
extravascular (ip., s.c, and p.o.) routes of drug administration.
The linear trapezoidal rule was applied for calculation of the
area under the curve (AUC) using the plasma concentration
versus time profile of C5aR1 antagonists. Each antagonist’s
bioavailability was determined by comparing the ratio of AUC
values of each drug via each specific route versus the AUC of
the same antagonists via the iv. route. In addition to this,
zero—infinity predicted AUC values were also used to
determine drug targeting efficiency. Higher drug targeting
efficiency values reflect superior targeting of the drug to the
specific tissue analysed”” and are calculated as follows:

drug targeting efﬁciency(i_P')

= (AUC oque/AUC )i p./ (AUC 00 /AUC i )i .
(1)
drug targeting efficiency(P.o‘)
= (AUCys1e/AUCpyna )./ (AUC e/ AUC i, )y
()
drug targeting efﬁciency(s_c.)
= (AUCtissue /IXUCplasma)s.c./(IX[JCﬁSS“e /AUCP]aSma)i.V
(3)

5.5. Repeat Dosing Pharmacokinetics of C5aR1
Antagonist. For the drinking water group, CS7BL/6] mice
(n = S) were kept in a controlled 12 h light/dark cycle
environment for up to S days with free access to food and
water containing 60 mg/L of PMX20S. On days 1, 2, 3, 4, and
S, plasma and tissue samples were collected 2 h after the start
of the dark cycle. The amount of water intake was monitored
each day, and the total water consumption was recorded at the
end of the fifth experimental day. For the s.c. route group,
CS7BL/6] mice (n = S) were administered PMX205 1 mg/kg
s.c. daily at an interval of 24 h. Plasma and tissue samples were
collected for analysis on days 1, 2, 3, 4, and S. Samples were
processed and analyzed for PMX20S levels using the LC—MS/
MS. For the single iv. route, C57BL/6] mice (n = 4) were
dosed 1 mg/kg PMX205 iv. and kept in metabolic cages
(Tecniplast; 3600M021) for up to 120 h. Brain samples were
collected at 0.04 (2.5 min), 6, 12, 2, 72, and 120 h. Samples
were processed and analyzed for PMX205 levels as described
above.

5.6. Excretion Studies of C5aR1 Antagonist. Excretion
studies were performed in metabolic cages using C57BL/6]J
mice (n = 5). Mice were administered PMX205 (1 mg/kg) i.v.
and kept in metabolic cages for the duration of 48 h. Urine and
feces samples were collected at 4 h intervals and stored at —80
°C. For excretion studies following the p.o. route, mice were
administered 1 mg/kg PMX20S via oral gavage and samples
were collected at different time intervals from the urinary
bladder prior to perfusion. On the day of analysis, samples
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Figure 4. Two-compartment pharmacokinetic models used in this study. (A) Pharmacokinetics model for the intravenous (i.v.) route with a bolus
drug administration at time t = 0. (B) Pharmacokinetic model for the extravascular route, with no lag time, first order input, and first order output
used for intraperitoneal (i.p.), subcutaneous (s.c.), and per-oral (p.o.) routes of drug administration.

were process and analyzed using the validated LC—MS/MS
method.

5.7. Data Analysis. All results are reported as mean =+
standard error of mean using GraphPad Prism (software
version 7.0, LaJolla, CA). Pharmacokinetics data analysis was
performed using Pharsight Phoenix WINNONLIN software
(version 6.4), the industry standard for pharmacokinetic/
pharmacodynamic modeling, analysis, and simulation. A two-
compartmental analysis method was used to obtain various
pharmacokinetic parameters. Figure 4A,B represents the model
used for intravenous drug administration and for all
extravascular routes of drug administration following a single
dose of antagonists at 1 mg/kg. Fitness of the pharmacokinetic
model was assessed using the WINONLIN criterion and by a
graph plot of observed and predicted concentrations versus
time. Results are also expressed by graph plots of predicted
concentration values versus observed concentration values and
changes of partial derivatives with time with or without
clearance parameters.
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